Since the introduction in the mid-1980s of analyses of minisatellites for DNA analyses, a revolution has taken place in forensic genetics. The subsequent invention of the PCR made it possible to develop forensic genetics tools that allow both very informative routine investigations and still more and more advanced, special investigations in cases concerning crime, paternity, relationship, disaster victim identification etc. The present review gives an update on the use of DNA investigations in forensic genetics.
Introduction
During the last 20 years, a revolution has taken place within the field of forensic genetics. Today, rape, murder and other serious crimes are often solved by DNA investigations in which DNA profiles obtained from biological traces, such as semen stains from the scene of a crime, match the DNA profile of a suspect or a person in a criminal offender DNA database. The report in 1985 by Jeffreys et al. [1] concerning the use of the polymorphism of minisatellites [also called VNTRs (variable numbers of tandem repeats)] for the identification of humans with the RFLP (restriction-fragment-length polymorphism) technique and multilocus probes initiated the era of DNA in forensic genetics. The method was a big step forward for forensic genetics, but considerable amounts (nanograms to micrograms) of DNA were needed for the investigations. The invention of the PCR [2] made it possible to use DNA investigations extensively in forensic genetics because it allows DNA typing of minute amounts of DNA from biological materials. In crime scene investigations, the purpose of forensic genetic analyses is typically to investigate whether DNA analysis does or does not support the assumption that the biological material from a trace comes from a particular person, or whether someone with a matching DNA profile can be found in a DNA database.
PCR-based methods in identity testing
The invention of the PCR [2] , which allows selected DNA stretches to be amplified by an enzymatic method, makes it possible to investigate as little as 100 pg or less DNA. This led to the development of various forensic genetic typing methods. In the late 1980s and early 1990s, the HLA-DQA1 locus and the Polymarker loci, which exhibit SNP (singlenucleotide polymorphism) variations, were typed by PCR and allele-specific oligonucleotide hybridization methods in a reverse dot-blot format [3] , and shorter VNTR regions such as D1S80 were typed by PCR, PAGE and detection by Key words: DNA analysis, forensic genetics, identity testing, PCR, short tandem repeat (STR), single-nucleotide polymorphism (SNP). Abbreviations used: CYP, cytochrome P450; RFLP, restriction-fragment-length polymorphism; SNP, single-nucleotide polymorphism; STR, short tandem repeat; VNTR, variable number of tandem repeats. 1 email niels.morling@forensic.ku.dk silver staining [4] . In the early 1990s, small PCR multiplexes with STRs (short tandem repeats; also called microsatellites) detected in electrophoresis and the multicolour fluorescence technique with a DNA sequencer were introduced [5] . These methods have been improved, and many forensic genetic laboratories now use multiplex PCR STR analyses of ten to fifteen STRs that are simultaneously PCR amplified, separated by capillary electrophoresis and detected with multicolour fluorescence methods.
In crime casework today, there is an international consensus to investigate STRs. The DNA regions that are examined are situated between the coding regions in the DNA, and the STRs do not code for any known characteristics. The polymorphism of an STR region mainly results from differences in the number of repeated sequences. This leads to variations in the total lengths of the STR regions from person to person. Very small amounts of stain material can be used because millions or billions of copies of the relevant DNA fragments of stain material DNA can be obtained by the PCR method. But a number of precautions must be taken during sampling and performance of the PCR-based DNA analyses to prevent contamination with irrelevant DNA. These methods have been standardized through international collaboration.
In many European countries, ten STR systems and the sex-specific marker amelogenin are routinely investigated in crime cases by means of the SGM Plus STR kit. A complete DNA investigation is a very effective tool for excluding individuals who are not very closely related to the person from whom the stain material was taken. A match between complete DNA profiles of a stain and a person is very strong evidence for the assumption that the stain came from that person compared with the assumption that the stain came from a random person. The weight of DNA evidence can be calculated in each case based on assumptions about the setting and knowledge of the distribution of the DNA characteristics in the relevant population. The weight of evidence from DNA investigations is generally accepted in almost all countries in which DNA investigations are used.
DNA databases with DNA profiles from materials from unsolved crime cases and individuals are used in an increasing number of countries. Almost all countries include the seven STRs recommended by Interpol in their DNA databases.
Therefore DNA profiles can be searched across international borders in the fight against crime.
PCR-based methods in relationship testing
In paternity cases, most laboratories investigate several STRs with PCR-based methods. STR DNA regions are inherited as classical Mendelian characters and conventional genetic analysis of the results is done. Based on the knowledge of the distribution of the genetic markers investigated, the weight of the evidence for or against paternity is calculated. Today, DNA typing of VNTR regions performed with the RFLP technique is only done in a few laboratories. Some laboratories still type for classical markers such as the blood groups ABO and Rhesus. If a sufficient number of well-characterized genetic systems are investigated, very high weights of evidence can be obtained no matter which genetic tests are used.
In immigration cases, the task usually is to determine whether the people being investigated are related as parentchild or if they are unrelated. DNA methods discriminate very effectively between unrelated individuals; however, these methods are less effective in discriminating between close relatives.
Challenges in DNA typing in forensic genetics
In crime casework, methods of investigating ever smaller amounts of DNA are being developed, allowing DNA typing of biological material on cigarette butts, postage stamps and hair strands. It is possible to investigate only a few DNA molecules by very extensive PCR amplification followed by STR typing. But incorrect results are often obtained because the method is very sensitive to contamination with irrelevant DNA. Investigations of mitochondrial DNA from hair roots and old and partly degraded bones have been done for years. Meticulous measures must be taken to avoid contamination with irrelevant DNA because the amount of DNA is usually very small.
In cases in which biological traces exist with mixtures of a relatively large amount of female DNA and a relatively small amount of male DNA, it can be difficult to obtain a conventional DNA profile of the material from the man. In such cases, it is helpful to investigate STR regions on the Y chromosome because female DNA does not interfere with the typing of the male Y chromosome STR DNA.
SNPs in forensic genetics
Many SNPs have been discovered in the human genome. For most human SNPs, only two DNA base variants have been observed, but SNPs with three or four alleles exist. SNPs are less informative in forensic genetics than STRs and VNTRs, which are much more polymorphic, and a larger number of SNPs are needed to obtain the same level of information as obtained by STRs. However, by using 50-100 autosomal SNPs, it is possible to obtain the same investigational results as those obtained with ten to fifteen commonly used STR systems [6] . SNP typing can be done on small fragments of DNA (40-50 bp). This fact is important in crime and identification cases in which DNA is severely degraded, perhaps as a result of fire or buried human remains. In crime case investigations, the sensitivity is also important and, until now, the PCR has turned out to be crucial for the sensitivity of SNP typing systems for forensic genetic investigations.
The SNPforID consortium recently developed a 52-SNP typing system that is based on multiplex PCR amplification of short DNA fragments, identification of the SNP by single base extension, capillary electrophoresis and fluorescent multicolour detection in a DNA sequencer [7] . The method allows reliable typing of 100 pg of DNA, and the maximum DNA fragment length to be PCR amplified is only 112 bp. The method is very sensitive and can be used on highly degraded DNA. The method was successfully tested by European crime laboratories [8] . A more user-friendly variant of the SNPforID typing system was adapted to the commercially available Genplex method [9] . The Genplex method for typing of the SNPforID SNPs will soon be tested in a collaborative exercise with participation of international forensic genetic laboratories.
The mutation rates of SNPs are, in general, much lower (down to 10 − 8 ) than those of STRs and VNTRs (most frequently 10 − 4 -10 − 2 ). This is a great advantage in paternity and especially in immigration cases. The SNPforID 52-SNP multiplex is being used in some European laboratories and is accredited for relationship testing in Copenhagen [10] .
Genetics of physical traits
When traces of biological material from an unknown person are found at crime scenes, information about physical traits, such as colour of hair, eyes and skin, can be obtained [11] . In 2008, three groups simultaneously reported that alterations in the HERC2 gene are responsible for the mutant blue eye colour. The most forensically relevant information was the report of an absolute association between homozygosity at a single SNP locus in the HERC2 gene and blue eye colour [12] .
In the DNA region of the melanocortin-1-receptor gene, a number of SNPs are associated with red hair and to some extent with fair hair and freckled skin. SNP markers in other DNA regions are also associated with hair colour. However, the known associations between SNPs and hair colour are weak, with odds ratios of 1-10, and the investigations have only limited weight.
AIMs (ancestry informative makers)
In forensic genetic identification cases, it may be of interest to know the ancestry of the person to be identified. The information concerning DNA in various populations is now so abundant that, if no interbreeding between populations has taken place among ancestors of the individual, it is possible to assign the ancestry of an individual to one of the major ethnic groups (Caucasian, sub-Saharan African and Asian, and possibly other groups) (e.g. [13] ). In some cases, thus, it is possible to provide a strong weight of evidence for the ancestry of an individual based on typing of genetic markers.
Pharmacogenetics
Variations in reactions to drugs may be caused by genetic differences in the CYP (cytochrome P450) enzymes CYP2D6 and other CYP genes, N-acetyltransferase, drug transporters, drug receptors (adrenoreceptors) and so forth. Associations have been found between variants of cytochrome P450 CYP2C9 and the metabolism of warfarin. The CYP2CP*3 variant gene is associated with decreased in vitro hydroxylation (roughly 5%) of S-warfarin. Many pharmacogenetic traits differ from population to population. This is important in forensic medicine when intoxication with a drug is found in a multiethnic population.
Accreditation: quality assurance
Ensuring that the total quality of a DNA investigation corresponds to the very strong weight of the DNA evidence is of utmost importance. Errors can happen, and scientific organizations such as the International Society for Forensic Genetics recommend that forensic genetics laboratories be accredited according to international laboratory standards, e.g. ISO 17025, which is a standard for laboratories doing measurement and testing. When such quality standards are used, error rates are very low. In an accredited laboratory, the risk of error in any type of investigation can be estimated, because all errors are documented and error risk can be taken into account when all of the results in a case are assessed.
In forensic genetics, the stimulus to investigate still smaller amounts of evidentiary material is closely associated with an increasing risk of errors attributable to contamination with DNA from other sources. Fortunately, this problem can be controlled if the laboratory takes precautions against contamination with other DNA, routinely repeats all laboratory investigations and checks for contamination with DNA from all known risk factors.
Conclusion
The implementation of DNA investigation and the PCR were the two single most important events in forensic medicine in the late 20th Century. The implementation and effective use of DNA databases are now the most important forensic genetic contributions to the fight against crime. Further information gleaned from current and future human genome research projects will provide additional methods of solving crimes.
